The potential health risks associated with heavy-metal containing quantum dots (QDs) are a major concern accompanying their increased application in both research and industry. In this contribution, we investigate the effects of QDs on reproductive outcomes in Kunming mice across three generations. Rather than being exposed to QDs during pregnancy, mice were intravenously injected with phospholipid micelle encapsulated CdSe/CdS/ZnS QDs at a dosage of 0.81 mg Cd/kg two weeks before mating. Four treatment groups were studied: non-injected control, female injected, male injected and both parents injected with QDs. Although QDs accumulated in the major organs of treated mice, we did not detect any pregnancy complications or adverse effects. No significant difference in pregnancy outcomes could be identified between the QD treated groups and the control group. More importantly, through behavior monitoring, blood tests and histological evaluations, two generations of the offspring were observed to be in normal and healthy condition. Our results show that QD exposure with a short buffering period before conception does not cause obvious pregnancy complications or significant toxicity effects in treated mice or their offspring. This indicates that a short buffering period after QD exposure may reduce potential risk of QDs to reproductive health.
Introduction
Cadmium-based quantum dots (QDs) have been extensively studied for applications in biomedical research. [1] [2] [3] [4] With their exceptionally bright and tunable photoluminescence, they have shown outstanding performance as optical probes for in vitro and in vivo targeted imaging and sensing. [5, 6] However, the cadmium content of these QDs has raised serious safety concerns about their translation to clinical settings. Recent in vitro studies have reported the degradation of QDs when they are exposed to biological fluids, releasing toxic Cd 3+ ions. [7] Generation of free radicals by QDs has also Ivyspring International Publisher been identified as a mechanism of QD cytotoxicity. [8] However, in vivo studies have generally not shown such effects. Systemic QD toxicity has seldom been detected in vivo, even when they were injected with QD formulations at high dosage (6 nmol for mice and 12 nmol for rats). [9, 10] More recently, our group has shown that even non-human primates injected with phospholipid micelle-encapsulated CdSe/CdS/ZnS QDs do not exhibit evidence of toxicity over a period of more than one year of evaluation. [11] However, we must not ignore the fact that more than 90% of the injected cadmium remained in the non-human primates 90 days after exposure, primarily in the kidney, spleen and liver. This suggests that the potential long-term toxicity of QDs in vivo must be carefully investigated. Such studies will help the QD research community to design more robust cadmium-based QDs for specific biological or even clinical research applications. The creation of new types of cadmium-free QDs is also an important and valuable approach. However, many of these QDs formulations are still under development, and they have generally not been able to match the performance of Cd-based QDs. Substantial time will be required to perfect cadmium-free QD formulations to a point where they can match the performance of Cd-based QDs in applications such as in vivo imaging and image-guided surgery.
Recent studies have shown that inorganic nanoparticles (e.g. titania, silica, fullerenes, and QDs) can cause reduced fertility and reproductive system injury in mice. Those studies focused mainly on examining the effects of direct exposure of the fetus and pregnant mothers to nanomaterials. For example, Chu et al. reported the transmigration of QDs from the pregnant mice to their fetuses by a transplacental transport mechanism. [12] The authors found that smaller QDs had greater ability to cross the placenta and thereby induce in vivo toxicity. Yang et al. demonstrated that gold nanoparticles migrated across the placenta of mice and interacted with the fetus, but no adverse response was observed. [13] Wick et al. reported that polystyrene particles up to 240 nm were able to cross an ex vivo human placental perfusion model without affecting the biological activities of the system. [14] In a more recent study, Yamashita et al. introduced silica and titanium oxide nanoparticles to pregnant mice late in gestation. [15] The results suggested that both silica and titanium dioxide nanoparticles with sizes of 70 nm and 35 nm, respectively, were able to cause pregnancy complications in mice and adversely impact the growth of the fetus. The authors also indicated that the surface chemistry of the nanoparticles played a major role in determining their effect upon the development of the fetus. [15] Effects on the male reproductive system have also been detected. Yoshida et al. found that intratracheal exposure to 14 nm and 56 nm diameter carbon nanoparticles caused adverse effects on the mouse male reproductive function. They observed partial vacuolization of the seminiferous tubules and a decrease of daily sperm production in carbon nanoparticle treated mice. [16] Later, the same group found that fetal nanoparticle exposure of carbon nanoparticles also affected the reproductive function of male offspring. [17] Bai et al. repeatedly injected carbon nanotube dispersions into male mice and found that the testes were injured but the fertility of the mice was not affected. [18] Li et al. have examined the effects of inhaled nanoparticle-rich diesel exhaust on regulation of testicular function in adult male rats. Their results suggested that the nanoparticle-rich diesel exhaust inhalation disrupts the endocrine activity of the male reproductive system. [19] Almost all studies to date have primarily focused on the toxicity to the fetus of direct parental nanoparticle exposure, while few investigations considered the impact of nanoparticles on the offspring of exposed rodent such as mice and rats. [20] Specifically, the effects of nanoparticles on the decendants of treated common parents over multiple generations have not been studied.
Here, we studied two generations of offspring from common parents treated with a QD formulation. The phospholipid micelle-encapsulated CdSe/CdS/ ZnS core/shell/shell structured QD formulation was intravenously administered to the female mice, male mice, or both, two weeks before allowing them to mate. The impacts of QDs on the pregnancy and the litters were evaluated. We have monitored and investigated the fertility and reproductive health of the offspring of the common parents in each group for two generations. Our results show that with a buffering period of two weeks between the QD injection and conception, the nanoparticles do not cause any significant pregnancy complications or abnormal pregnancy outcomes. Although the majority of the QDs injected accumulated in the major organs of the treated animals, no adverse response was observed for the treated parents or their offspring. Through behavior monitoring, blood testing, and pathological examination, we could not differentiate the QD treated animals from the control group. More importantly, we have continuously monitored the litters for two generations and found that the behavior and blood test results remained indistinguishable between the litters from QD treated groups and the control group. Histological investigations on the major organs as well as the sex organs of these two generations did not show abnormalities. These results indicate that with a buffering period before conception, exposure to engineered QDs may not cause significant pregnancy complications or adverse impact on the exposed animals or their offspring.
Materials and Methods
QD formulation preparation: 1.6 mmol CdO, 3 mmol TDPA, and 3 g TOPO were heated in a 100 ml three-necked flask to 290-300 ºC under argon. After 10 to 15 minutes, a clear solution was obtained. It was maintained at 300 ºC for 5 minutes, then 0.8 mL of 1 M TOP-Se was rapidly injected. The reaction was stopped after 2-3 minutes by removing the heating mantle. QDs were collected by addition of ethanol and centrifugation. The CdS/ZnS graded shell was formed following the method of Manna et al. [21] Approximately 0.3 g CdSe QDs were dispersed in 4.8 mL toluene. Separately, 1 mmol CdO, 4 mmol zinc acetate, and 7 g TOPO were dissolved in 10 mL oleic acid and heated to 180 ºC for 28 minutes under argon. The QD dispersion was injected slowly into the hot mixture, which was then held at 180ºC, with a needle outlet that released evaporating toluene. After 15 minutes, the needle was removed, and the temperature was raised to 210 ºC. 2 mL of TOP-S was then added dropwise, and the mixture was held at 210 ºC for 10 to 15 minutes. To monitor the growth of the QDs, aliquots were removed via syringe and injected into excess toluene to quench further growth of the QDs and the fluorescence were measured. The growth of QDs were stopped when the photoluminescence peak reached 620nm.
Phopholipid-micelle encapsulation:
The prepared organic-dispersible QDs were collected by adding ethanol (volume ratio of QDs to ethanol 1:3) and centrifugation at 12,000 rpm for 15 minutes. The precipitate was collected and dried under vacuum and then re-dispersed in chloroform at the final concentration of 4mg/ml. Chloroform dispersions of QDs, and of DSPE-mPEG (Avanti polar lipids or Laysan Bio, Inc., 1,2-Diacyl-sn-Glycero-3-Phosphoethanolamine-N-[Methoxy(Polyethylene glycol)], 10 mg/mL) were mixed in a 1:4 mass ratio and gently stirred for 5 to 10 minutes. A Labconco rotory evaporator with a water bath of 25 ºC was used to evaporate the chloroform. The resulting lipidic film was hydrated with 3 to 5 mL of HPLC water and sonicated for 10 to 15 minutes using a bath sonicator. The resulting dispersion was filtered through a 0.45 or 0.2 µm membrane filter and kept at room temperature for further use. To remove excess phospholipid, the micelle-encapsulated QDs were centrifuged at 10,000 rpm for 15 minutes. The precipitate was then re-dispersed in 1 to 2 mL of HPLC water. For QD injection, 10 mg/mL QDs was dispersed in 0.9% sodium chloride and filter sterilized.
Characterization: The absorption spectra of QDs were collected using a Shimadzu UV-2450 UV-Vis-NIR scanning spectrophotometer. The samples were measured against the solvent as reference. The QD fluorescent spectra were collected using a Fluorolog-3 Spectrofluorometer (HORIBA Jobin Yvon, Edison, NJ USA). The samples were dispersed in chloroform and loaded into a quartz cuvette for measurements. Transmission electron microscopy (TEM) images were obtained using a JEOL model JEM 2010 microscope. The specimens were prepared by drop-casting the sample dispersion onto an amorphous carbon coated 300 mesh copper grid, which was placed on filter paper to absorb excess solvent. The size distribution of micelle-encapsulated QDs was determined by dynamic light scattering (DLS) measurements with a Brookhaven Instruments 90Plus particle size analyzer.
Animal studies: Kunming mice were obtained and handled following protocols approved by the Laboratory Animals Center of Chinese PLA General Hospital in Beijing. All the animal experiments and maintenance were approved by the Experimental Animal Ethics Committee of Chinese PLA General Hospital. Male and female Kunming mice were obtained at 10 weeks of age and were housed 2 per cage in a 12 h/12 h light/dark cycle. Food and water were supplied ad libitum. Mice were injected with 150 µL of vehicle control or buffered QD dispersion. Two weeks after the injection of 0.81 mg (7.2 µmol) / kg of cadmium decided based on our previous report [22] , mice were randomly grouped into four different groups as described in the text. In each group, male and female mice were paired on a one-to-one basis and housed to mate. The show of plug was used as a marker of conception, and the day was regarded as GD0.
H&E staining and Fluorescent imaging: pathological analysis of mouse tissue, mice were sacrificed by cervical dislocation. Heart, liver, spleen, lungs, kidneys, lymph nodes, bone marrow, uterus, and ovaries were collected, dissected and fixed with 10% buffered formalin. Then were subjected to paraffin embedding. These embedded tissues were sectioned, deparaffined, rehydrated and subjected to Hematoxylin and Eosin (H&E) stained. H&E sections of the fixed organs were observed with an Olympus BX60 microscope, and were examined by two independent clinical pathologists who were not told what treatment mice had undergone or which samples were from the control mice. Standard cryosection procedures were performed for fluorescent imaging of the organs of interests. The fluorescent images were taken from a typical inverted microscope based fluorescent imaging system.
Analysis of hematological and serum biochemical marker: According to our previous experience [23] , blood samples are harvested from F0 mice injected with CdSe/CdS/ZnS QDs and F1 mice after mice were sacrificed by cervical dislocation. Blood is harvested from the orbital sinus by removing the eyeball from the socket quickly. Blood routine examination is performed using the whole blood by a routine blood test instrument (Mindray RJ-0C107223), and indicators for kidney and liver function are measured using serum by a blood biochemistry analyzer (Mindray BS-220).
Statistical analysis: Statistical analysis was performed using analysis of variance (ANOVA). All statistical calculations were performed with the SPSS 11.0 software package. Student's unpaired two-tailed t-test was used for binary comparisons. A P value less than 0.05 was regarded as statistically significant. Data are presented as mean ± SD.
Results and Discussion
Micelle-encapsulated CdSe/CdS/ZnS core/ shell/shell QDs were prepared following our previously described protocols. [22] Figure 1 shows results of optical and physical characterization of the QD dispersion. The QDs have an emission peak at 620 nm with a full with at half maximum of 43 nm. The average hydrodynamic diameter of the micelle-encapsulated QDs was 62.4±0.8 nm. TEM imaging showed that multiple QDs were encapsulated within a micelle to form relatively large QD-containing particles, consistent with the measured hydrodynamic diameter. A schematic illustration of our experimental design is shown in Figure 2 . Female (♀) and/or male (♂) mice were treated with QDs (+) at cadmium content of 0.81 mg (7.2 µmol) Cd/kg body weight. Control animals were injected with saline buffer (-). Specifically, four different experimental groups were designed (ten female and ten male mice in each experimental group), namely, i) control group ♀-/♂-, in which neither female nor male mice were treated with QDs; ii) group ♀-/♂+, in which only the male mice were treated with QDs; iii) group ♀+/♂-, in which only the female mice were treated with QDs; and iv) group ♀+/♂+, in which both female and male mice were injected with QDs. In this study, a monogamous breeding system was used and the selected pairs were allowed to breed two weeks after QD exposure. The QD-treated generation is referred to as F0. Then, the litters obtained from the F0 generation of common parents were grown to sexual maturity at seven weeks of age and subsequently this first generation of males and females were paired to produce the second generation following a similar monogamous breeding system. The litters generated from the first and second generations are referred to as F1 and F2, respectively. Within each group, mice from the F0 generation were randomly matched on a "one-to-one" basis to produce a first offspring generation, denoted the F1 generation. An F2 generation was obtained by randomly pairing members of the F1 generation, within each group, after they had reached sexual maturity.
The intravenous administration of QDs to the F0 group did not cause any observable adverse response in either the male or female mice. No changes were observed in drinking or eating patterns compared to the mice treated with saline solution. The consumption of the laboratory chow and drinking water was monitored on a daily basis, and no differences were observed between the QD-treated and the control animals. Responses to various stimuli were found to be similar between the mice in all groups. We did not observe any signs of toxicosis, such as vomiting, diarrhea, convulsion, cramps, or breathing difficulties, following QD treatments. After breeding of the F0 group, the health of the pregnant females and their newborn litters were carefully monitored. The maternal body weight changes of mice in all four groups were monitored as a function of gestational age. As shown in Figure 3a , all treated groups showed a steady increase in maternal body weight that was nearly identical to that of the control group. In addition, the gestational duration of the F0 group and the total number of offspring were recorded for all cases, as shown in Figure 3b . The gestational ages at birth ranged from 18 to 21 days. Differences in average gestational age at birth across the treatment groups were not statistically significant. The total numbers of pups per litter ranged from 9 to 18 for all F0 females and the average numbers were 14.0, 13.9, 13.5 and 12.6 for the ♀-/♂-, ♀-/♂+, ♀+/♂-and ♀+/♂+ groups, respectively. The differences between the groups were not statistically significant. After delivering the newborns, the body weight of the female mice was monitored for another two weeks. As shown in Figure 3c , body weight increased gradually for mice in all four groups and this increase was equivalent in all four groups. The placenta plays an important role in the development of the fetus. Its functions include nutrient uptake, waste elimination, and gas exchange through the maternal blood supply. [24] In a recent study by Yamashita et al., the authors introduced 70 nm silica and 35 nm TiO2 nanoparticle dispersions into pregnant mice and observed that these particles induced placental cellular damage and were found in fetal blood circulation. [15] In another study, Chu et al. showed that CdTe/CdS QDs were transferred from female mice to their fetuses across the placental barrier. Surface PEGylation of the QDs reduced the transfer but did not eliminate it. [12] Bhabra et al. have shown that nanoparticles of 29.5±6.3 nm in diameter may cause DNA and chromosome damage across an intact cellular barrier. [25] They found out that even though the nanoparticles did not pass through the barrier, the damage was mediated by a mechanism involving pannexin and connexin hemichannels and gap junctions and purinergic signaling. Such observations underscore the importance of detailed nanomaterials toxicity evaluation. To further evaluate the potential risk of QD exposure, we carefully examined and analyzed the placenta from both the QD-treated and non-treated mice. Eighteen days after delivering the newborns, five QD treated maternal mice were sacrificed and examined. We did not observe any accumulation of QDs in the placenta sections using fluorescence imaging (Fig. 4a shows a  typical example) . The histological analysis did not reveal any pathological abnormalities in the evaluated placenta sections of the treated pregnant mice (Fig. 4b  shows a typical example) . The labyrinth and spongiotrophoblast features in the mice placenta were clearly observed. These findings suggest that the intravenous administration of QDs into female mice two weeks before conception will not affect the development of the placenta or result in any observable cellular damage to the placenta.
To investigate the possible adverse effects of the QD formulation on female mice after delivering newborn litters, a detailed evaluation on the health condition of the mothers was carried out. Standard hematological and biochemical markers were measured for all the F0 female mice. No significant differences were observed on the routine blood count measurements between the QD treated and non-treated female mice (Fig. 5a ). This indicates that the QD dispersion did not induce any immune or inflammatory responses after the female mice delivered their litters. From the serum biochemistry assays, we have observed that the important hepatic function and renal function indicators are all comparable with the non-treated controls (Fig. 5b) . These data indicate that the QDs did not produce any substantial liver or kidney injury. In addition to serum study, histological analysis was performed on the major organs of the female mice. No pathological abnormalities were identified from the heart, liver, spleen, lung or kidneys of QD treated female mice (Fig. 5c ). Fluorescence imaging suggests that the QDs were located mainly in the liver, spleen, lymph node and bone marrow (Fig. 5d ). Similar observations have been reported in earlier studies from different animal models. For example, using near infrared imaging, Ballou et al. have observed that PEGylated QDs accumulate mainly in the mouse liver, lymph nodes and spleen 24 h after injection, while the fluorescence in the lymph nodes was still detectable 133 days post-injection. [26] Our group has also observed that the target organs for PEGylated QDs are the liver, spleen, lymph node and bone marrow, in both mouse and monkey models. [22, 27] We also found that the same dosage of the identical QD formulation did not cause noticeable toxicity to mice or monkeys. [22, 27] It should be noted that the surface modification of nanoparticles plays an important role in their in vivo toxicity. In our studies, the PEGylation of QDs was realized through phospholipid encapsulation. In another study from Tang et al., the QDs were encapsulated by an amphiphilic copolymer rich in carboxylate groups followed by further covalent conjugation of PEG chains. Their PEGylated QD formulation was found to cause injuries in specific tissues, such as hyperplasia and hyperaemia in the splenic sinus, and syncretized podocytes in the kidneys after acute exposure with a relatively high dosage of 10 nmol/kg. [28] These results indicate that even for similar surface status (PEGylation), different modification strategies may cause different outcomes in toxicity evaluation. In vitro studies have shown that nanoparticles could cause damage to cells from the reproductive system, such as the sperm, embryonic stem cells and leydic cells. [20] To address this issue, the major reproductive organs of both the female and male mice including the uterus, ovary and testis were carefully examined. Frozen sections of the organs were examined by fluorescence microscopy, and no QD fluorescent signal was observed in these organs (Fig. 6a) . This indicates that the deposition of QDs in these organs is very low. Pathological evaluations of the tissues were also carried out. No pathological changes were observed in these reproductive organs for mice treated with QDs as compared with the mice in the saline treated control group (Fig. 6b) . These observations suggest that the PEGylated QD formulation used in this study did not cause noticeable damage to the reproductive organs. Comparable results were observed between the QD treated and non-treated mice. Note that several values were not in the reference range indicated by the light blue bars which is probably because of different measurement methods. Abbreviations: red blood cell count, RBC; platelet count, PLT; white blood cell count, WBC; neutrophil granulocyte, NE; lymphocyte, LY; monocyte, MO; alanine transaminase, ALT; aspartate transaminase, AST; lactate dehydrogenase, LDH; alkaline phosphatase, ALP; total protein, TPROT; albumin, ALB; blood glucose, GLU; blood urea nitrogen, BUN; triglyceride, TRIG; total cholesterol, CHOL; creatinine, CRE; total bilirubin, TBILI; direct bilirubin, DBIL; uric acid, UA. Bars indicate ±SD, no statistically significant differences were recorded (P < 0.05) between the control and QD-treated groups, n=10. (c) Histological images from the major organs including heart, liver, spleen lung and kidney of the F0 female mice, showing no observable differences between the QD treated and non-treated animals. The development and health status of the litters produced within two generations from the common parents were evaluated possible adverse impacts on them. The average body weight of the first generation litters was monitored during the lactation period (Fig.  7) . No statistically significant difference in the body weight of the litters produced in the first generation was observed between the four groups. In addition, during daily regular observations, we did not observe any differences in water or food consumption between groups. Mice were similarly responsive to various stimuli in each experimental group. Regular blood tests were carried out to check the health status of the first generation mice. The result shows no significant differences in either the hematology analysis or the critical biochemical markers for between the four different experimental groups for both female (Fig. 8a, b ) and male mice (Fig. 8c, d ). The alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are within the normal range, indicating normal liver function. The creatinine (CRE) levels also indicate healthy kidney function. To further investigate the developments of the litters in the F1 generation, histological analysis on the major organs such as the heart, liver, spleen, lung and kidneys were carefully conducted. We did not observe any pathological abnormalities in the F1 mice produced from the four experimental groups (Fig. 9) . In addition, we have further investigated the reproductive organs of the mice in the F1 generation through pathological evaluation. As shown in Fig. 10 , the oocytes in the follicle centers are clearly observed and the follicular structures are intact in the ovary sections. The uterus sections are also free of abnormal signs. In the male testis sections, varying stages of sperm formation could be clearly identified. Comparable values were observed for the four different experimental groups. Light blue bars denote the averaged normal ranges for mice from the literature, bars indicate ±SD, n=18. Abbreviations: red blood cell count, RBC; platelet count, PLT; white blood cell count, WBC; neutrophil granulocyte, NE; lymphocyte, LY; monocyte, MO; alanine transaminase, ALT; aspartate transaminase, AST; lactate dehydrogenase, LDH; alkaline phosphatase, ALP; total protein, TPROT; albumin, ALB; blood glucose, GLU; blood urea nitrogen, BUN; triglyceride, TRIG; total cholesterol, CHOL; creatinine, CRE; total bilirubin, TBILI; direct bilirubin, DBIL; uric acid, UA. Figure 9 . Histological images from the major organs of heart, liver, spleen, lung and kidney for mice from the F1 generation of the different treatment groups of ♀-/♂-(control), ♀-/♂+, ♀+/♂-and ♀+/♂+. Evaluations were carried out by pathologists and no abnormalities were observed.
In our subsequent experiments, the F1 mice from the four experimental groups were paired to produce a second generation of litters using a monogamous breeding system, following the same four sets of experimental conditions as schematically illustrated in Figure 2 . Similarly, no abnormal signs were noticed from the first generation female mice that underwent pregnancy with success. The health status of the second generation mice was also evaluated and we found that they were in good condition. We did not observe abnormalities in the exploratory behavior, drinking and eating behaviors (i.e., water and food consumption were normal) or autonomic movements. Responses to various stimuli were also found to be normal. In studies of the second generation, the exponential increase of animal quantity required us to randomly select mice from the entire second generation population for examination. Pathological investigations on the major organ tissue sections obtained from the second generation of male and female mice did not show any abnormalities. Particularly, we have carefully evaluated the histological sections of the sex organs from the F2 generation. Although we have randomly picked the litters, all the organ sections did not show observable pathological abnormalities (Fig. 11 ). All these results suggest that the mice produced within 2 generations of parents that have been injected with the QD formulation did not show any observable adverse impacts in terms of their reproductive systems or their health status. Various factors such as reactive oxygen species generation and size effects have been reported to cause QD toxicity in vivo, [29, 30] but the pressing questions from the QD research community are: i) what will happen if the QDs are degraded in the body? ii) will they cause dysfunction of the major organs? iii) will the degradation of QDs negatively impact the reproductive organs? and iv) if the reproductive organs are damaged by the QDs at the cellular level, will it cause have an adverse impact on subsequent generations? Cadmium toxicity to the reproductive system has been well documented. An acute cadmium salt dosage of 20 µmol/kg body weight in pregnant Wistar rats was reported to cause severe placental damage and a mortality rate of over 70%. [31, 32] In another report, pregnant mice (QS/CH) were exposed to cadmium through drinking water. The accumulative cadmium exposure induced fetal growth retardation and anemia, which was proposed to be due to the interference with placental transport of iron by cadmium. [33] The same report suggested that exposure to very low levels of cadmium may have little or no effect on the mother but may interfere with the growth and blood formation of the fetus. In the present study, we did not observe placental damage or fetus growth retardation in any of the experimental groups. This indicates that the QDs introduced two weeks before conception were successfully protected by the core/shell structure and the phospholipid encapsulation. They did not undergo rapid degradation to release sufficient cadmium ions to induce placental damage during the term of pregnancy. It should be noted that although acute toxicity could be avoided by robust particle coatings of cadmium based QDs, a two-year long study by Fitzpatrick et al. showed that the QDs will eventually break down, which increases the risk of chronic cadmium toxicity from the QDs [34] . Another possible source of pregnancy complications is the transplacental transport of nanoparticles. Several types of nanoparticles, including silica, titanium oxide, carbon black, quantum dots, silver nanoparticles and magnetic nanoparticles have been reported to cross the placental barrier in both in vitro and in vivo models. [12, 15, [35] [36] [37] [38] [39] [40] Because of their wide application as additives in cosmetics, the potential toxicity risk of titanium oxide nanoparticles to pregnancy has been carefully investigated. Takeda et al. found that subcutaneously administered titanium oxide nanoparticles transferred from pregnant mice to their offspring and affected the genital and cranial nerve systems in the male offspring. [36] Yamashita et al. have shown that silica and titanium oxide nanoparticles with sizes of 70 nm and 35 nm, respectively, can cause pregnancy complications in mice through the activation of coagulation, complement and oxidative stress in the placenta. Further investigation also indicated that the surface chemistry of the nanoparticles played an important role; modification of the surface with carboxyl or amine groups abrogated the negative effects. [15] More recently, Trouiller et al. have shown that in utero exposure to titanium oxide nanoparticles resulted in an increased frequency of DNA deletions in the fetus and caused genotoxicity through a secondary genotoxic mechanism associated with inflammation and/or oxidative stress. [41] In addition to titanium oxide nanoparticles, other materials were also reported to induce abnormalities to the offspring through prenatal exposure. Umezawa et al. found that maternal exposure to carbon black nanoparticles on the fifth and the ninth days of pregnancy in ICR mice induced renal abnormalities in the kidneys of offspring which was similar to tubulointerstitial fibrosis in diabetic nephropathy. [42] Prenatal exposure to carbon black nanoparticles through intratracheal instillation was also reported to affect the sperm production in the F2 generation. [43] In a study by Jo et al., rats treated with zinc oxide nanoparticles showed reduced number of born/live pups, decreased body weight of pups and increased fetal resorption. [44] All these studies have indicated that prenatal exposure to nanoparticles may cause complications to the pregnancy and the offspring. However, in the present study, the exposure to QDs two weeks before conception did not induce any significant abnormalities during pregnancy or in two generations of offspring from common parents, despite the fact that the QDs remained present in the organs of the treated animals. A major difference between the present study and the above mentioned studies is that our study provided a two-week "buffering period" between the QD administration and conception. The results show that this buffering period has greatly reduced the potential toxicity risk of the QDs to pregnancy and the offspring. Yang et al. have shown that the plasma cadmium concentration dropped to background levels in about a week after QD injection through the tail vein (40 pmol) and could not be detected after two weeks. [45] In our study, the two-week buffering period has allowed the QDs to be cleared from the blood circulation and sequestered, mainly in the liver and spleen. As a result, the amount of QDs in circulation is minimal during pregnancy and thus the QDs were not passed to the fetuses through transplacental transmission during the fetal development. On the other hand, the degradation of QDs is a very slow process that involves complicated metabolic steps to break down the particles. This degradation is a long term process can take years and may not be complete within the mouse life span. [46, 47] Consequently, the release of cadmium ions is extremely low, and did not cause significant toxicity to the treated mice or their offspring. Nonetheless, the QDs administered were mostly captured by the liver, spleen and lymph nodes within the first few days, in agreement with previous studies. [9, 48, 49] More importantly, we should emphasize that due to the lack of an active biochemical process for cadmium elimination coupled with renal reabsorption, only 0.001% of cadmium in the body is excreted per day. [50] As the degradation of QDs happens eventually, the re-distribution and accumulation of cadmium among different organs may start to play an important role in the chronic toxicity to the animals. [51, 52] Because the major target of cadmium toxicity is the kidney, chronic renal failure could start as the accumulative cadmium concentration in the kidneys reaches the threshold. At that point, unhealthy individuals would be unlikely to experience successful pregnancy with normal reproduction outcome [53] . As nanomaterials have found increasingly wide applications in research, industry, and daily life, their potential risk to public health must be extensively evaluated and special attention should be focused on reproductive health. Although warnings have been sent to the community that nanoparticle exposure would induce a high risk for pregnancy complications and health risks to the offspring, our study suggests that a buffering time period between the exposure and conception could greatly reduce that risk. We believe this information can be of great value, particularly to those who have experienced unintentional exposure to nanoparticles.
Conclusion
In conclusion, we have evaluated the effects of QDs on reproductive health in Kunming mice. CdSe/CdS/ZnS QDs were encapsulated with PEGylated phospholipid micelles and intravenously administered to female mice, male mice, or both (the F0 generation) at a dosage of 0.81 mg Cd/kg body weight. Rather than direct exposure during pregnancy, a buffering period of two weeks was introduced between the QD injection and conception. The pregnancy outcomes and the health status of the offspring were carefully monitored and evaluated. Our results showed that with such a buffering period, the QDs were retained by the F0 mice and mainly accumulated in the major organs including the liver, spleen, lymph nodes and bone marrow. However, through blood tests and histological evaluations, we showed that the QD exposure did not cause adverse effects to the treated mice. The pregnancy was not disturbed by the QD exposure and no complications were observed. The pregnancy outcomes were normal in each of the experimental groups. More importantly, through behavior monitoring, blood tests and histological evaluations, two generations of the offspring were observed to be in normal and healthy condition. There were no significant differences between the offspring of the four experimental and control groups. Our results suggest that QD exposure with a short buffering period before conception does not cause overt pregnancy complications or significant toxicity effects to subsequent generations. This study suggests that establishing a safety period between potential exposure to nanomaterials and conception can reduce risks to reproductive health.
